Sustainable core daylighting is expected to provide comfortable and healthy daylight in dense urban areas. One system, an anidolic daylighting system is a promising solution, however, it is still not widespread because of several complications. This paper presents an application of an affordable anidolic daylighting system on a tropical urban house designed with a simple edge-ray approach. This approach has created a parabolic collector for east-facing (azimuth 85 ) anidolic daylighting system to improve the daylighting level of a room with high external obstruction. Simulation results and short-term monitoring before and after the construction have indicated successful application of an anidolic daylighting system for improving daylighting performance, especially before 13:00, without increasing indoor air temperature. The results have shown a strong hourly illuminance profile. To improve the indoor illuminance after 13:00 and the hourly illuminance profile, an east-facing anidolic daylighting system collector can be combined with a west-facing collector.
Introduction
A badly lit interior because of high external obstructions from the neighbourhood is a common problem in dense urban settlements. This study proposes an application of an affordable anidolic daylighting system (ADS) to improve the daylighting performance of a living room in a humid tropical urban house without increasing indoor air temperature.
An ADS was developed based on the edge-ray principle. ADS comprises of a parabolic collector, light transport medium and parabolic reflector as a light distributor at the end of the system. 1 An ADS prototype on a 5.4 m Â 3.4 m Â 2.7 m test room in Lausanne, Switzerland achieved outstanding daylighting performance without and with 40 external obstructions even under overcast sky conditions based on the monitoring of the illuminance and the daylighting autonomy. In this study, three novel anidolic systems: anidolic ceiling, integrated anidolic system and anidolic solar blinds, were presented as daylighting solutions for different specific location and condition. 1 Eight years later, Linhart and Scartezzini 2 assessed the ADS on the LESO building on the EPFL campus in Lausanne considering occupant satisfaction, and suggested an energy-efficient, complimentary electric lighting system.
A prototype of an anidolic system in hot humid climates exists in Singapore, Bangkok in Thailand and Johor State, Malaysia. The highest sky luminance, which often occurs in the zenithal area in the tropics, benefits the system. Glare risk can be reduced by a shading effect on the room's windows. An anidolic integrated ceiling installed on a 6 m Â 6 m Â 2.75 m office room in Singapore could improve the illuminance ratio. 3 Praditwattanakit et al. 4 proposed an internal light shelf inside a 9-m wide room equipped with a south-facing ADS in Bangkok to improve excessive daylight and the distribution because of high luminosity of the tropical sky. These studies prove that ADS is a promising technology in core daylighting. However, the application of this system to buildings is not widespread because of a lack of planning tools and guidelines that enable architects and engineers to easily adopt it. 5 An affordable anidolic system is one solution to make the application widespread.
ADS application in building renovation in tropical urban areas faces additional challenges. One must consider comprehensive aspects including ADS daylighting performance, thermal impact and the integration to the building fac¸ade with a reasonable cost. In building renovation, the existing building plan and dense urban context could bring orientation restrictions for anidolic application. Research on anidolic performance related to building orientation in Johor resulted in a south-facing anidolic system for the most uniform illuminance distribution in Malaysia. 6 Unfortunately, the recommendation was only based on a single-day field measurement (on 4 January) of 1:10 scale building model.
Using a simple edge-ray approach, an east-facing ADS design has been applied to improve the daylight level of a highly obstructed room in a tropical urban house. A simulation study was employed to assist the design process and to measure whether ADS daylighting performance had met the design parameters. Monitoring of ADS performance on an urban house was conducted to observe the real daylighting and thermal performance before and after ADS installation.
Methods
Application of the ADS in the renovation of a tropical urban house comprises two phases. The first phase is the design process, and it is followed by the monitoring phase. The design process intends to achieve a highperformance ADS exhibited by improvement of daylighting performance, minimal environmental impact and a good visual appearance. A simulation study was considered the most efficient design approach to predict ADS performance compared with a physical model relying on uncontrollable climatic conditions. One-year monitoring is conducted to assess the installation impacts on the indoor comfort and energy consumption for lighting. However, some indications could have been observed during short-term monitoring.
ADS model
Located in tropical medium-dense urban area in Yogyakarta, Indonesia, 7 49 0 27 00 S and 110 21 0 42 00 E, the living room is enclosed by a corridor on the east side, a terrace with high external obstruction from the neighbouring building to the north, a bedroom on the west side and a kitchen on the south. These specifications had created a poorly lit interior in the living room (see Figure 1 ). Linhart et al. 7 identified four influencing parameters of anidolic system in the tropics and listed them in ascending order as follows: surface coating, length, external shading and collector width. Collector orientation was not considered here, although under clear sky conditions, it may modify the daily or hourly daylighting performance (effective working time of the system). A study on ADS in Johor suggested a particular orientation for achieving the best performance. 6 However, the only possible location for the collector in the present study is on the east or west fac¸ade. Compared with a west-facing collector, an east-facing collector shortens the light transport medium, which means less energy will be lost.
A 300-cm long, 40-cm high clerestory without glazing acting as the ADS opening corresponds to 9% of the window to floor area ratio. This possible installed area is smaller than the minimum requirement of 15%. 8 Two clerestories installed on both corridor walls allow reflected sunlight and skylight to enter the living room through the corridor. The external clerestory should be installed at a position with a high vertical sky component (VSC) to harness optimum daylight without obstruction. In this case, the advantage of the light transport system of the ADS can be employed to improve the daylight level of a significantly externally obstructed room. VSC is the amount of direct skylight falling on a vertical plane. Whereas, the term of sky factor (SF) is used to describe the amount of direct skylight incident upon a plane with any tilt angle. 9 The highest possible position of the clerestory creates 38.3% of VSC, which is close to the maximum VSC of 39.6%.
The geometry of ADS collector and reflector was designed based on the edge-ray principle. This principle is explained 1 as follows: (a) optical extent of the exiting lightflux equal to the incident flux, (b) minimum reflections of light rays in the transport medium and (c) high angular selectivity of the optical system design. After the parabolic height has been determined, the next step is to calculate the parabolic width or shape. Through the parabolic focal point, the shape should capture optimum daylight that would be reflected by the collector that travel through the light transport medium in parallel rays. To keep the indoor air temperature from increasing, the shape should exclude direct sunlight. ADS material was selected based on its surface reflectance, visual appearance and affordability. If light travels through the transport medium without any reflections, the energy quantity of the reflected light should be determined mainly by the collector surface reflectance.
Simulation study
A simulation study was conducted to estimate the ADS daylighting performance. The availability of a suitable sky luminance model is essential for daylighting simulation. A study on tropical sky luminance distribution conducted in Bangkok 10 concluded that tropical sky is dominated by partly cloudy and clear skies. Overcast sky occurs 20% of a year. Linhart et al. 7 presented four predominant sky types in Singapore with their relative occurence as follows: Commission Internationale de l'È clairage (CIE) standard overcast sky (33%), overcast sky (28%), partly cloudy sky (28%) and CIE standard clear sky (11%). Because of the lack of thorough studies on sky luminance in the specific location, sky luminance models used in the simulation study were based on other previous studies. Daylighting simulations would be conducted under overcast and clear skies with the sun.
The daylighting performance of the ADS models was analysed using Radiance (plugged in Ecotect) 11, 12 and Aftab Alpha. 13 Using a backwards ray-tracing algorithm, Radiance is recognised as a physically accurate daylighting program. 14 The following four-sky types are available in radiance: sunny sky (CIE clear sky), intermediate sky, cloudy sky (CIE overcast sky), and uniform sky. CIE overcast sky represents the worst sky conditions, exactly at noon in mid winter, 12 which is commonly used to calculate the daylight factor (DF).
The DF (%) describes a ratio of daylight illumination at a specific point in a space to the simultaneous unobstructed outdoor illuminance. Radiance (plugged in Ecotect) adopts the Building Research Establishment (BRE) split flux method 12 to calculate the DF of each particular point defined in the grid area as the sum of three separate components of the natural light that reaches the points. 12 These three components are the sky component (SC), externally reflected component (ERC), and internally reflected component (IRC). This calculation is based on an assumption that ignores direct sunlight. SC is the portion of the natural light that directly enters through an opening. ERC is the percentage of the natural light reflected by any external elements outside the room or building. IRC can be calculated using equation (1):
weighted average reflectance of area A (using 0.1 as reflectance for glass), p 2 ¼ average reflectance of surfaces below working plane, p 3 ¼ average reflectance of surfaces above working plane.
Despite the accuracy of radiance that has been proven by several studies, [14] [15] [16] two studies have disputed CIE overcast sky model. A deviation between the DF simulation and measurement was observed by Kleindienst 14 because of the CIE overcast sky model and the DF method. Moreover, DF calculations under the CIE overcast sky model conducted in Hong Kong by Ng 17 described 50% overestimation of the daylight availability when the angle of obstruction is high. These discrepancies can be understood because the CIE sky luminance distribution models used in the simulation program are idealised and uncommon, whereas the real sky is subtle and constantly changing. 14 Ecotect v. 5.5 provides some options to increase the DF calculation accuracy. More accurate calculation options use the glazing refractive index to calculate the additional variable transparency of the glazing due on the angle of incidence of each ray. The increased accuracy option also uses the external reflectance value calculated from the colour of each external obstruction in the ERC calculation. This method also impacts the contribution of each ray in the SC calculation, which could be moderated by the transparency of each window. Specific glazing transparency and specularity value could provide more realistic internal reflections for each glass. 12 Daylighting simulations were setup with high calculation accuracy and four indirect reflections. Instant maps were simulated to visualise the illuminance on the June solstice (June 21 at 12:00 to represent the DF and at 16:00, the worst sky conditions), October 15 at 11:00 (the highest altitude) and March 21 at 11:00, or the March equinox. The average six-day field measurements of the DF and the indoor illuminance (E i ) were used to calibrate the internal surface reflectance of the existing building.
Aftab Alpha, Evalglare 18 -based software, was employed to analyse the glare of illuminance or luminance pictures created by radiance. The goal of the ADS application is to create a pleasant interior with at least 50 lux of the illuminance, 1% of the DF 19 and to maintain the daylight glare index probability (DGP) with an imperceptible glare <30%. 20 DGP is a glare rating derived from subjective user evaluations inside lit rooms. DGP is considered the most robust metric and least prone to produce inaccurate glare predictions because it considers the most factors that contributes to visual discomfort. 21 The DGP is defined by equation (2) 
Monitoring
Short-term monitoring covers field measurements of the indoor and outdoor illuminance, air temperature, relative humidity (RH), the ambient illuminance on a horizontal plane (E amb ) and its DGP. Monitoring of the indoor climate (illuminance level, air temperature andRH) was conducted for two different location points on the north-south axis of the room named point A and point B (see Figure 1 ). These two points represent the entire workplan of the 3.3-m wide living room. Indoor illuminance (E i ), air temperature (T i ) and RH i were monitored using two analogue 4-in-1 environment testers, the LM-8000 (its accuracy is 5% for light intensity, 1% for air temperature and 1.2-4% forRH), placed at seat height in the middle of the living room. Outdoor illuminance (E o ), air temperature (T o ) and RH o measurements were conducted using the Luxmeter LX-107 (the accuracy is 5%) and a 4-in-1 environment tester, the LM-8000. These instruments were located around the house under the relatively constant shading of a tree (point C in Figure 1 ). Illuminance of a point below constant shading under clear sky conditions represents outdoor illuminance under overcast sky conditions. The sun path facility in Ecotect software was employed to examine the shading consistency during measurement. Digital equipments, a Hobo datalogger U12-012 for the indoor measurement and a Hobo datalogger UA 002-08 for the outdoor measurement, were set up with a 5-min time interval and measured on the same position to maintain measurement validity. From the indoor and outdoor climate measurements, the indoor to outdoor illuminance ratio (E i /E o ), the air temperature difference (T o À T i ) and the RH difference (RH i À RH o ) would be obtained. The living room's DF would indicate the indoor to outdoor illuminance ratio under overcast sky conditions at noon in midwinter (in this location is on June solstice). A Statistical Package for the Social Sciences statistical program was employed to compute the difference of thermal conditions before and after installation. By using a paired t-test, the ADS thermal impact was measured from the p value or significance (two-tailed). More than 0.05 of the p value means that the ADS could not modify the indoor thermal conditions.
The real DGP was obtained by analyzing high dynamic range (HDR) photos of the living room using Evalglare or Aftab Alpha. The HDR photos were produced from merging seven fisheye photos with exposure variations using Photosphere software. 22 These photos were taken by a Nikon D7000 digital camera with a Nikor 10.5-mm GED fisheye lens at a time when the sun was located in the zenithal area.
Results and discussions ADS design
Using the edge-ray principle, the parabolic geometry and its focal point of the anidolic collector were found. A 40-cm wide parabolic collector was designed to capture the zenithal light on the collector focal point and to prevent excessive incoming direct sunlight. Mounted 2.58 m high from a zero floor level of the building (Figure 2(a) ), the zenithal collector would admit light beams from 60 to 100 , and the exiting angular spread was between 60 and 100 (Figure 2(b) ). This design would create 61.3% of the ADS glazing SF and minimum protuberance that suites the existing fac¸ade, but still catches zenithal light from 10:00 until approximately 13:00. Morning daylight beams from 07:00 to 10:00 would be reflected on the pure white surface of the ceiling below the collector. The 2.58 m high and 1.5-m wide ceiling suspended below the collector (Figure 2(a) ) would prevent uncomfortable glare from the collector (>2 m in height).
The ADS model was then developed using a stainless steel sheet as the collector material and painted pure white gypsum as the interior reflector material. Stainless steel was selected because of its availability, flexibility and high reflectance (r r ¼ 0.9). Moreover, this material can stand alone without additional material to support its weight or to improve the fac¸ade appearance (see Figure 3 ). Six-mm thick clear glass covers the parabolic collector with 15 of the tilt angle (Figure 2(b) ) for rainfall run off and high-altitude daylight admission.
Simulation-based ADS performance
Simulation results reported that the 40-cm wide ADS improves the daylighting performance significantly even under the worst sky conditions, i.e. on 21 June at 16:00 under overcast skies. The DF increased approximately 39%, whereas the E i increased approximately 150% under overcast sky conditions and 370% under a clear sky with the sun. Sufficient daylighting performance could be achieved with slightly higher than 1% of the DF and an imperceptible glare at the eye level of a seated person (DGP < 30%). On 21 June at 16:00, the illuminance levels of the house with ADS were below 50 lux. However, 34-35 lux would be a substantial improvement compared with the illuminance of the existing room at 16:00, i.e. 13-14 lux ( Table 1 ). When the sun was located at the longest distance from the ADS under overcast sky conditions, the E i could reach more than 50 lux. Despite high sky illuminance on 15 October at 11:00, the DGP was still below 30%.
Monitoring-based ADS performance
The 40-cm wide ADS was constructed to study the effects of the edge-ray principle on real daylighting and thermal performance. Post ADS construction monitoring was conducted from the end of April to the beginning of July when the sky luminance was lower than the annual one. Seventy-five percent of the monitoring measurements were taken under a clear sky with the sun and the remaining measurements were obtained under overcast and partly cloudy skies (see Figure 4 ).
The monitoring results show that the ADS installation improves the illuminance of the living room during the daytime without increasing the indoor air temperature and the RH (see Figures 5 and 6 ). Some diffuse morning sunlight from low altitude, directly falling on the parabolic reflector, produced high illuminance at 08:00. This results made the daylight levels at 08:00 higher than those at 09:00. Because solar radiation at 08:00 was not high, this light did not increase the indoor air temperature. A combination of high indoor illuminance and low ambient illuminance at 08:00 even created the highest E i /E o . These conditions occurred intensely from April to June. On 21 June and 1 July, the hourly profiles of E i /E o appeared more flat because some parts of the house covered the measurement location of E o in the afternoon. The highest illuminance was achieved at 10:00. At this time, the ADS collected more daylight that was then reflected to the living room. Although the ambient illuminance at 11:00 and 12:00 (see Figure 4 ) achieved the highest level, the daylight levels at these times were lower because of the lower daylight captured by the collector. The ADS would effectively work as a nonimaging collector from approximately 10:00 until 13:00 (see Figures 5 and 6 ). After this time, the collector reflects only diffuse daylight, which would improve the indoor illuminance and DF under clear sky conditions. Low illuminance (<50 lux) occurred after 13:00 and especially under cloudy skies on 21 June (see Figures 5 and 6) . air temperature and RH difference before installation (straight line). Table 2 shows that the temperature difference (T o À T i ) before ADS installation had a strong (the correlation is close to 1) and significant correlation with T o À T i after ADS installation. The p value (>0.05) and the mean indoor air temperature difference (0.589 C) confirmed that the ADS installation did not modify the indoor air temperature. Null of significance means that the correlation was significant at the level of 0.05.
The paired t-test of the air humidity difference (RH i À RH o ) was rather different. There was insignificant correlation between the RH i À RH o measured before and after ADS installation demonstrated by the low correlation (0.589). The p value (<0.05) and the mean (0.815%) have illustrated there was a small difference in the RH because of the ADS installation. By tracing the outdoor and indoor air humidity measured before and after ADS installation (see Figures 5 and 6) , the low p value could be explained by a combination of very low outdoor air humidity with high indoor air humidigy that occurred on 4 May and 1 July. Exceptionally small activity conducted inside the house during that day could have increased the moisture content.
The reported DGP measurement that reflected daylight from the collector would create a comfortable indoor illuminance at eye level. The DGP on 16 August at 11:00, when the ambient horizontal illuminance reached 106,900 lux and the indoor illuminance was 247 lux, was only 16% (see Figure 7 and Table 4 ). This ambient horizontal illuminance and indoor illuminance on that day are considered being high compared with the illuminances on other days (see .
Between simulation and monitoring of the ADS performance
The simulation-based DF of the living room with ADS was slightly greater than 1%. This result is much different from the field measurements. The average E i / E o measured on the June solstice under overcast sky conditions with the ambience illuminance (E sky ) at approximately 7233-13,089 lux could reach 6.3%, whereas the E i /E amb at the same time was only 0.45%. The E i difference between the simulation and measurement results on 21 June at 16:00 confirms the accuracy of the CIE overcast sky. A discrepancy in E i on 21 June at 16:00 was 50% and at 12:00 under clear sky with the sun, the discrepancy was only 8%.
To simulate the regular pattern of a naturally luminous environment in order to find accurate results, this study used discrepancy values as a percentage of differences between the measurement results and the simulations that were performed hourly (from 08:00 to 16:00) under a representative CIE sky condition at that time to describe the ADS performance, which was close to the real condition. 30 April was selected because of the most regular hourly profile of the ambient illuminance (see Figure 4) .
A discrepancy of the measurement and simulation results signifies a consequence to the difference between real and simulated DGP on 16 August (Table 4 ). During that time, the indoor illuminance could reach 225 lux at 10:00, 242 lux at 10:30 and 247 lux at 11:00. Monitoring and simulations of the illuminance on 16 August from 10:00 to 11:00 confirmed that simulations of the indoor illuminance under a clear sky with the sun with four indirect reflections were 15% higher than the measured conditions. Furthermore, the simulated DGP could be calibrated using the average discrepancy of the real and simulated DGP on 16 August, or À23.5%. By using this value, the calibrated simulation DGP on 15 October at 11:00 was only 20%.
Modifications of the east-facing ADS
Although the discrepancy between the simulation and field measurements varies, the overall simulations and monitoring of the 40-cm wide ADS application have confirmed that this system could improve the daylighting performance of the living room. To improve the indoor illuminance after 13:00, the collector shape was modified into three ADS models (see Figure 8 ). The first alternative could lengthen the distance of the focal point from the fac¸ade wall to capture more daylight in the afternoon. This alternative had resulted in a 53-cm wide ADS collecting sun beam from 09:00 to 13:00 (ADS 2). The second alternative added a collector on the west fac¸ade to catch afternoon daylight. Daylighting performances of the modified ADS were simulated on 30 April (the date was selected in 3.2), which was calibrated using the average discrepancy values in Table 3 . Figure 9 and Table 5 describe the daylighting performances of all ADS models on 30 April. The 53-cm wide ADS had created the highest indoor illuminance before 12:00 and surprisingly at 16:00. A simulation result of this model reported that the average DF was 1.1%, and the DGP on 15 October at 11:00 was 28%. ADS with double-facing collectors could improve indoor illuminance in the afternoon under a clear sky with sun. The DF was 1.0% and the DGP was 19.3%.
Conclusions
Simulation and monitoring results have confirmed that the ADS application could be a promising solution for daylighting problems in tropical regions. ADS could offer an opportunity for buildings in a highly dense urban area to catch direct and diffuse sunlight with higher SF than the SF of a vertical window on the same height. Even during the worst conditions in the southern hemisphere of tropical regions for east-facing ADS (in the June solstice), the east-facing ADS could still have resulted in significant improvement in the daylighting performance without any influences on the indoor air temperature. The white bright space created by ADS installation with proper geometrical features provides a more pleasant atmosphere, but still maintain imperceptible glare. However, a strong hourly illuminance profile was performed by the east-facing ADS. To improve the low illuminance produced by the east-facing ADS after 13:00, west-facing collector with a proper shape may be added. The overall results proved that the conventional approach in determining the opening dimension (daylighting rule of thumb) can no longer be adopted in this advanced daylighting system. A new rule for this system is needed as a design guideline for more widespread applications.
